The early-generated neurons designated as lot cells specifically mark the future site of the lateral olfactory tract (LOT) and guide LOT axons. We investigated the mechanism of how lot cells develop and get localized in the LOT position. Lot cells differentiated from neuroepithelial cells in all regions of the neocortex but not from those in the ganglionic eminence in culture. Cell tracing analyses demonstrated that lot cells generated from the neocortex subsequently followed a tangential migration stream ventrally toward the LOT position. Mutant mouse embryos lacking the function of transcription factor Gli3 showed disturbances of the migration stream and translocation of lot cells in the dorsal telencephalon. These results reveal a new type of neuronal migration in the telencephalon and introduce an unexpected dramatic feature of the earliest regionalization of the telencephalon.
The early-generated neurons designated as lot cells specifically mark the future site of the lateral olfactory tract (LOT) and guide LOT axons. We investigated the mechanism of how lot cells develop and get localized in the LOT position. Lot cells differentiated from neuroepithelial cells in all regions of the neocortex but not from those in the ganglionic eminence in culture. Cell tracing analyses demonstrated that lot cells generated from the neocortex subsequently followed a tangential migration stream ventrally toward the LOT position. Mutant mouse embryos lacking the function of transcription factor Gli3 showed disturbances of the migration stream and translocation of lot cells in the dorsal telencephalon. These results reveal a new type of neuronal migration in the telencephalon and introduce an unexpected dramatic feature of the earliest regionalization of the telencephalon.
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In the developing telencephalon, a large number of neurons originate from neuroepithelial cells lining the ventricular zone. Most of them migrate outward to the surface along radial glial fibers (Tan and Breen, 1993; Kornack and Rakic, 1995) , whereas a minority of them follow a tangential migration course from ventral to dorsal for a relatively long distance (O'Rourke et al., 1992; Anderson et al., 1997; Tamamaki et al., 1997) . Regardless of the migration course, however, all neurons must acquire a specific identity suitable for settlement at some time during development.
One way to impose regional identity on neurons is to specify their progenitors in the ventricular zone and simply transfer the specification to neurons at the surface. A strict radial migration of newly generated neurons would guarantee this process and help the reconstruction of a map across the horizontal plane of the brain from the original presentation in the ventricular zone (Rakic, 1988) . In fact, the two major divisions in the telencephalon, the neocortex and ganglionic eminence, appear to use this mechanism for their specification; neuroepithelial cells in the two regions express different sets of genes from the early beginning and do not mix with each other during development (Bulfone et al., 1993; Fishell et al., 1993; Matsunami and Takeichi, 1995; Götz et al., 1996; Stoykova et al., 1996) . Although it is unlikely that this sort of compartmentalization functions for smaller subdivisions in the telencephalon such as cortical areas, early regionalization of the telencephalon has been supported by a number of studies using various region-specific markers (Barbe and Levitt, 1991; Arimatsu et al., 1992; Dehay et al., 1993; Cohen-Tannoudji et al., 1994) . There is also a contrasting view that regional identity is instructed in neurons only after their maturation (O'Leary et al., 1992) . Heterotopic transplantation studies have shown that neuronal wiring patterns and cytoarchitectural phenotypes in the telencephalon are changeable even in late fetal stages (Stanfield and O'Leary, 1985; Schlaggar and O'Leary, 1991) . In this view, neuroepithelial cells and newly generated neurons are not specified yet and acquire regional identity by environmental influence. Tangential migration of neurons across a number of telencephalic regions is often interpreted to support this view of later regional specification (Walsh and Cepko, 1992) because the migration would scramble positional information, if any, existing in the ventricular zone.
The stereotyped axonal trajectory is another type of regional specification that has attracted a number of researchers (TessierLavigne and Goodman, 1996) . Soon after completing mitosis, neurons project axons into a specific position in the brain, where axons traversing through the same route are bundled together forming "tracts" (Mastick and Easter, 1996) . Because the early tract formation coincides with neurogenesis, neuroepithelial cells and early-generated neurons seem to play a critical role in providing positional information for axons (Macdonald et al., 1994; Mastick et al., 1997) .
The lateral olfactory tract (LOT) projects a prominent arch on the surface of piriform cortex from embryonic day 13.0 (E13.0) in mice (see Fig. 1 ) (Schwob and Price, 1984; Brunjes and Frazier, 1986; Sugisaki et al., 1996) . Mitral cells in the olfactory bulb are the major projection source of this tract (Hinds, 1972) . We reported previously that a subset of early-generated neurons, which are recognized by monoclonal antibody (mAb) lot1 and designated as lot cells, specifically marks the future site of the LOT and provides the cellular scaffold for the first mitral cell axons to elongate (see Fig. 1 A) (Sato et al., 1998) . Because ablation of lot cells prohibits the formation of LOT in organotypic culture, we postulated that the lot cells act as the guidepost for mitral cell axons (Sato et al., 1998) . Lot cells undergo final mitosis between E9.5 and E11.0 and begin to express the antigen of mAb lot1 (lot-antigen) at approximately E12.0 -12.5. When lot cells are first visualized by immuno-staining at these stages, the cells are already localized around the presumptive LOT position, where the cells positioned on the ventral side start to form a packed cellular array (Sato et al., 1998) . The relatively scattered distribution of lot cells on the dorsal side suggested a possibility that lot cells originate from the dorsal side and locate in the LOT position.
In the present study, we investigated how the LOT position was specified during development by analyzing the development of lot cells in various cultures. We found that lot cells differentiated in dissociated cultures of neuroepithelial cells from all regions of the neocortex but not of the ganglionic eminence. Neocortical neuroepithelial cells appeared to intrinsically possess the competence to generate lot cells. Cell-tracing experiments in whole embryo culture suggested that lot cell precursors that had differentiated in the entire neocortex migrated tangentially and ventrally to the future site of the LOT with an unreported migration stream. We also found that this migration stream was disturbed in extra-toes (Xt) mouse embryos, which have mutations in the transcription factor Gli3 gene (Johnson, 1967; Schimmang et al., 1992; Hui and Joyner, 1993) , and lot cells were abnormally distributed all over the neocortex. These results suggest the two-stepped nature of the specification of LOT position: first to restrict the competence for lot cell generation to the large neocortex region and then to translocate the cells destined for lot cell fate into a small restricted area by tangential migration.
MATERIALS AND METHODS
Mice. Timed-pregnant ICR mice and C57BL ϩ/ϩ mice were purchased from SLC (Shizuoka, Japan). C57BL /6-green mice whose cells express enhanced green fluorescent protein (GFP) were provided by Dr. Masaru Okabe (Osaka University) (Okabe et al., 1997) . Green male mice were mated with wild-type female, and the resulting green mouse embryos were selected under UV light. Xt J /ϩ mice were originally obtained in the C3HeB/ Fej background from Dr. Toshihiko Shiroishi (National Institute of Genetics) and maintained in our laboratory by crosses with C57BL /6-ϩ/ϩ mice. Xt J /ϩ heterozygous mice were determined by the extra digits in the hind feet. Xt J /Xt J homozygous embryos were obtained by intercrosses between heterozygotes on the fifth or sixth generation in backcrosses with C57BL /6 mice and distinguished from Xt J /ϩ and ϩ/ϩ litter embryos by the overgrowth of the first pharyngeal arch and malformations in the brain as described previously (Johnson, 1967; Franz, 1994; Grove et al., 1998) . Although Xt J /Xt J mutant embryos in C3HeB/ Fej background often show exencephaly with severe disruption of the telencephalon, crosses with mice in the C57BL /6 background completely prohibited the appearance of this phenotype and enhanced morphological analysis. The phenotype described in the present study, however, was not affected by these backgrounds. Because Xt J /ϩ mouse embryos do not show any brain phenotypes (Johnson, 1967; Franz, 1994; Grove et al., 1998) , we dealt with these heterozygotes as the wild-type in the present study.
Midday on which a vaginal plug was found was designated as E0.5. Development of embryos in C57BL /6 and C3HeB/ Fej backgrounds was slightly retarded when compared with ICR embryos of the same stage. For example, initiation of expression of lot-antigen was delayed ϳ0.5 d; however, this retardation did not affect the experimental results.
Dissociated cell culture. Telencephalon vesicles were dissected out from E10.5 or E11.5 embryos, and the rostral and caudal ends were trimmed away and cut into four sections as described in Results. Telencephalon sections of several embryos were pooled and collectively incubated in 0.1% trypsin/HCMF (10 mM HEPES, 137 mM NaCl, 5.4 mM KCl, 1 mM KH 2 P0 4 , and 1 mM Na 2 HPO 4 ) for 5 min at 37°C and dissociated into single cells by gentle pipetting. Cells were plated at a density of 1.0 ϫ 10 3 cells/mm 2 on eight chamber permanox slides (Nalge Nunc, Naperville, IL) coated with poly-L-lysine (Sigma, St. Louis, MO), and cultured in a 1:1 mixture of DMEM and Ham's F-12 medium (DMEM/F-12) (Nissui, Tokyo, Japan) supplemented with 10% fetal bovine serum (JRH Biosciences, Lenexa, KS) and 5% horse serum (Life Technologies, Rockville, MD) in an atmosphere containing 5% carbon dioxide at 37°C for 5 d. To detect cells in S-phase in culture, 100 ng/ml of 5-bromo-2-deoxyuridine (BrdU; Sigma) was added in the culture media in some experiments.
The low density culture of telencephalon cells of Xt J /Xt J mutant and the litter embryos was performed with a slight modification of the previous methods (Miyata and Ogawa, 1994; Sakakibara et al., 1996) . Briefly, a circle of silicone ring with an inner area of 50 mm 2 was placed on the bottom of a poly-L-lysine-coated chamber slide, and glial cells that had been prepared from brains of E17.5-18.5 mouse embryos through several passages were seeded outside the ring as a feeder. Dissociated telencephalon cells were plated inside the ring at a density of 2 ϫ 10 2 cells/mm 2 . After attachment of telencephalon cells on the slide, the silicone ring was gently removed, and cells were cultured in DM EM / F-12 supplemented with 10% fetal bovine serum, 5% horse serum, N-2 supplement (Life Technologies), G-5 supplement (Life Technologies), and 50 ng /ml neurotrophin 3 (N T-3) (Pepro Tech, Rocky Hill, NJ) at 37°C for 5 d under a continuous supply of nutrition released from glial cells. After culture, cells were fixed and immunostained with various antibodies. Immunopositive cells were counted under a fluorescent microscope (Z eiss, Jena, Germany) using a square micrometer attached to an eyepiece. C ells stained with diaminophenylindole were also counted in the same manner.
Clonal cell cultures. Glial cells that had been prepared as described above were cultured in an eight-chamber slide until they formed a confluent monolayer. A single cell was picked up from dissociated cells that had been prepared from E10.5 green mouse telencephalons by a fine glass capillary under an inverted microscope (Olympus, Tokyo, Japan). The cell was placed on the glial feeder layer and cultured in DM EM / F-12 supplemented with 10 mM H EPES, pH 7.3, 5% horse serum, N-2 supplement, G-5 supplement, and 50 ng /ml N T-3 at 37°C for 5 d.
Culture of telencephalon f ragments. E10.5 telencephalons were cut into small fragments as described in the text. Fragments derived from the same region were cultured together in a well of poly-L-lysine-coated eightchamber slide with DM EM / F-12 containing 10% fetal bovine serum and 5% horse serum at 37°C for 5 d. Because lot cells formed clusters during culture, it was easy to spot those fragments containing lot cells after immunostaining with mAb lot1. Fragments with and without lot cells were counted, and the proportion of fragments that generated lot cells was calculated.
Immunostaining. Cultures were fixed with 4% paraformaldehyde (PFA) in PBS for 4 hr and incubated overnight with mAb lot1 (10 g /ml) and with anti-M AP2 antibody (1:500; Sigma) in 1% skim milk / TBST (10 mM Tris-HC l, pH 7.4, 130 mM NaC l, and 0.1% T ween 20). Bound antibodies were visualized with C y3-labeled anti-rat Ig antibody (1:500; Amersham, Buckinghamshire, UK) and FI TC -or C y5-labeled anti-mouse Ig antibody (1:200; Amersham). BrdU-incorporated cells were detected with mouse anti-BrdU antibody (1:100; Becton Dickinson, Franklin Lakes, NJ) and FI TC -labeled anti-mouse Ig antibody as described previously (Sato et al., 1998) .
The methods used for immunostaining of frozen sections with mAb lot1 were similar to those described previously (Sato et al., 1998) . Rabbit anti-Pax6 antibody was a generous gift from Dr. Randall R. Reed (Johns Hopkins University School of Medicine) (Davis and Reed, 1996) , and FI TC -labeled anti-rabbit Ig antibody (1:200; Amersham) was used for visualization.
Whole-mount immunostaining basically followed the previous procedures (Sugisaki et al., 1996; Sato et al., 1998; Hirata and Fujisawa, 1999) . When 3,3Ј-diaminobenzidine was used for visualization, specimens were treated with TSA-indirect kit (N EN Life Science, Boston, M A) and streptavidin -HRP (N EN Life Science) to amplif y the immunoreaction.
Detection of migration of neocortical cells. The methods used for cell labeling and whole-embryo culture have been described previously (Matsuo et al., 1993; Osumi-Yamashita et al., 1994) . Briefly, E10.5 mouse embryos were removed from the uterus into T yrode's solution with intact placenta and embryonic membranes. A small drop of 1,1-dioctadecyl-3,3,3Ј3Ј-tetra-methylindocarbacyanine perchlorate (DiI, Molecular Probes, Eugene, OR) solution was injected into the ventricular zone of the neocortex hemisphere with a fine glass capillary tube under a dissecting microscope. The embryos were cultured in culture bottles containing 100% rat serum supplemented with 2 mg /ml of glucose in a roter apparatus with a continuous supply of a gas mixture (60 -90% oxygen /5% carbon dioxide balanced with nitrogen) at 37°C for 48 hr. After fixation of embryos with 4% PFA, telencephalons were dissected out and examined under a fluorescent microscope. Brains of some embryos were embedded in 2% agarose in PBS and cut into 60-m-thick sections with a microslicer (Dosaka EM, Kyoto, Japan).
In some experiments, the solution containing the expression plasmid pCAX-AFP (5 g/l) that coded for a mutant form of GFP (Inouye et al., 1997) was injected into the ventricle of E10.5 embryos and electroporated into ventricular cells in the neocortex with a T 820 electroporator (BTX, San Diego, CA) as described (Akamatsu et al., 1999 ; T. Inoue, T. Tanaka, M. Takeichi, O. Chisaka, S. Nakamura, N. Osumi, unpublished observations). The embryos were cultured as a whole for 48 hr, and then the piriform cortex explants were immediately dissected from the embryos and organotypically cultured on collagen-coated membrane filters (Transwell-C OL, Costar, C ambridge, M A) as described previously (Sugisaki et al., 1996; Hirata and Fujisawa, 1999) .
RESULTS

Development of lot cells in dissociated culture of neocortical neuroepithelial cells
The previous observation that mAb lot1 only recognizes neurons localized around the LOT position (Sato et al., 1998) might suggest that an environmental signal from the LOT position is essential for neurons to express the lot-antigen. Thus, we first tested whether lot cells could differentiate in dissociated cultures of embryonic telencephalon cells, which were considered to be devoid of environmental signal from LOT position. At E10.5, neurogenesis has just commenced, and the telencephalon mostly consists of neuroepithelial cells. At this stage, the two major divisions of the telencepha-lon, the neocortex in the dorsal part and the ganglionic eminence in the ventral prominent part, are already distinct (Fig. 1 B) . Because lot cells are the earliest-generated neurons in the telencephalon, most of these cells are going through the final mitoses at this stage, although mitosis has already been completed in a fraction of these cells (Sato et al., 1998) . We divided the E10.5 telencephalon into the neocortex and ganglionic eminence and further divided each part dorsoventrally into two halves; regions 1 and 2 extended from the neocortex, whereas regions 3 and 4 extended from the ganglionic eminence (Fig. 1 B) . Each region was dissociated into single cells and cultured for 5 d in the continuous presence of BrdU to trace cell proliferation.
Telencephalic cells from all four regions proliferated well, and cell numbers increased in dissociated cultures, although the culture form region 1 tended to generate fewer cells compared with the other three regions (Table 1 ). These cultures also generated similar numbers of neurons when determined by the expression of a neuronal marker, microtubule-associated protein 2 (MAP2). Lot cells differentiated in cultures of regions 1 and 2 (Table 1) . These lot cells displayed bipolar shapes equipped with two processes and morphologically resembled lot cells in vivo (Fig. 1C) . The numbers of lot cells that developed from regions 1 and 2 were not significantly different, and approximately half of these cells incorporated BrdU in their nuclei ( Table 1 ), indicating that they had divided in culture at least once. In contrast, cultures of regions 3 and 4, which originated from the ganglionic eminence, generated very few lot cells (Table 1 ). These results suggest that an environmental signal from the LOT position is not needed for the development of lot cells and that neocortical cultures but not ganglionic eminence cultures can generate lot cells.
Lot cells undergo their final mitoses during a narrow window of time in vivo. After E11.5, injection of BrdU does not label a significant number of lot cells (Sato et al., 1998) . To examine whether this time window was also defined in the culture, we assayed E11.5 telencephalon cells in dissociated cultures. When telencephalons of E11.5 embryos were divided into the four regions and cultured, cells from all four regions generated MAP2-positive neurons as did E10.5 telencephalon cells (Table 2 ). Lot cells differentiated in these cultures as well but rarely incorporated BrdU in their nuclei ( Table 2 ), indicating that the majority of these cells had already completed the final S-phase when isolated from the telencephalon. These findings suggest that the culture of E11.5 neuroepithelial cells almost loses the ability to give rise to lot cells and that this temporal change is related to the cessation of lot cell generation after E11.5.
Another interesting point of E11.5 telencephalon cell cultures is that more lot cells differentiated from the ventral regions and fewer cells differentiated from region 1, compared with E10.5 cell cultures (Table 2 ). This ventral shift appeared to reflect a change in the distribution of postmitotic neurons destined for lot cell fate because the cells hardly incorporated BrdU regardless of their position. The presumptive LOT position is estimated to develop at around region 3 (Fig. 1 B) . Thus, this result might imply that lot cell precursors approached their final position after completing their mitoses.
Competence to generate lot cells is an intrinsic property of neocortical neuroepithelial cells
In dissociated cell cultures, a small but substantial number of telencephalon cells were cultured together in a well. Thus, it is possible that extrinsic influences by other cells affect determination of lot cell fate in culture. For example, neocortex cultures might contain some environmental factors that promote lot cell generation, or ganglionic eminence cultures might contain factors that inhibit differentiation into lot cells. Alternatively, it is possible that neuroepithelial cells in the neocortex are cell-autonomously different from those in the ganglionic eminence with regard to competence for lot cell generation. To know the actual scenario, we cultured a single neuroepithelial cell and analyzed cell fates of its descendants.
Neuroepithelial cells as early as E10.5 did not proliferate or survive in a totally isolated condition. Thus, we used the feeder layer of glial cells. A single cell was picked up from E10.5 telencephalic cells that had been prepared from green mouse embryos whose cells strongly express enhanced GFP (Okabe et al., 1997) and placed on the feeder layer. While being cultured for 5 d, a single neuroepithelial cell proliferated and formed a colony that was easily identifiable by the GFP expression. In neocortical cell cultures, we identified 43 independent colonies that consisted of cells ranging from 2 to 37 in number (Fig. 2 A) . Among these colonies, approximately one-third contained lot cells. We did not find any correlation between the colony size and generation of lot cells. Ganglionic eminence cells generated similar-sized colonies, but none contained lot cells (Fig. 2 B) . Thus, differences in intrinsic properties of neuroepithelial cells between the neocortex and ganglionic eminence appear to be the basis for the distinct generation of lot cells.
Interestingly, most neocortical clones containing lot cells also included lot-negative neurons (Fig. 2 A) , indicating that lot cell progenitors followed a lineage that generated both lot-positive and lot-negative neurons. Thus, lot cell fate did not seem to be clonally determined. This notion might be consistent with the observation that lot cells are generated for only a limited time, although a neuroepithelial cell continually generates clonally related sibling cells for a protracted time period during development.
Widespread origin of lot cells across the neocortex
In dissociated cultures of E10.5 telencephalon cells, both regions 1 and 2 in the neocortex generated lot cells. To determine which specific region of the neocortex could generate lot cells, we dissected the E10.5 neocortex into smaller fragments and analyzed the generation of lot cells in each fragment (Fig. 3A) . Because such small fragments did not yield a sufficient number of cells for dissociated culture, they were cultured as a whole without dispersion into single cells in this experiment.
All neocortical fragments generated lot cells in a high probability (Fig. 3A) , and the number of lot cells developed in the fragments seemed similar among the neocortical regions. In fragment cultures, lot cells were often observed to clump together and form a cluster (Fig. 3B) , although we could not find a general rule with regard to the position of clusters in fragments. Only a few fragments from the ganglionic eminence generated lot cells (Fig. 3A) . Because it was difficult to define the caudal end of the ganglionic eminence, a dorsoventral division in the caudal end of the telencephalon did not seem to correspond to the border between neocortex and ganglionic eminence. Here, both ventral and dorsal divisions generated lot cells in high proportions (Fig. 3A) . Finally, although the fragment cultures allowed neuroepithelial cells to be in contact with their neighbor cells and remain in the original environment to some extent, this environmental influence appeared to have little effect on lot cell development; lot cells were generated from the neocortex but not from the ganglionic eminence, as was the case for dissociated cell and clonal cultures.
Ventral migration of neurons in the E10.5 telencephalon
Given that lot cells develop throughout the neocortex in vivo, they have to migrate down to the presumptive LOT position for a distance. However, such a ventral migration stream of neurons has not been described. To examine whether this type of cell migration actually existed in the telencephalon, we labeled a small population of neuroepithelial cells in the neocortex of E10.5 embryo by focal injection of the fluorescent dye DiI, cultured the labeled embryo as a whole for 48 hr in a roller bottle, and analyzed the behavior of the descendants of the DiI-labeled cells.
DiI intensely labeled cells around the injection point, obscuring local migration of cells around the point such as a radial migration (Fig. 4 A, B) . However, examination of DiI-labeled cells that were clearly separated from the injection point showed that almost all of these cells migrated tangentially and ventrally from the injection point toward the presumptive LOT position (Fig. 4 A) . These cells were bipolar-shaped and displayed features characteristic of migrating neurons. Thick leading processes of these cells all oriented in a ventral direction (Fig. 4C) . The cells seemed to migrate in the thin surface layer of the telencephalon to the presumptive LOT position (Fig. 4 B) . Around the LOT position, DiI-labeled cells orthogonally changed the orientation, drawing an inverted "T" shape in the surface of the telencephalon (Fig. 4 A) . Many DiIlabeled cells were piled up in layers and accumulated in the LOT position, which was exclusive to lot cells in vivo (Fig. 4 B) . The long processes of DiI-labeled cells were aligned in the future direction of LOT, arching across the surface of the piriform cortex (Fig. 4 D) . These morphological features were indeed of lot cells except that a fraction of DiI-labeled cells were also distributed in a slightly deeper layer of the piriform cortex in which lot cells are not usually situated (Fig. 4 B) . The DiI injections at any point across the neocortex showed a similar migration stream. For example, injections in the caudal part of the neocortex labeled neurons migrating in the rostroventral direction and aligning in the LOT position that arched in the caudal level of the telencephalon. Injections in the dorsomedial side of the neocortex, even near the hippocampal primordium, visualized neurons climbing over the dorsal bulge of the telencephalon and approaching the LOT position over a great distance (data not shown).
This migration stream of neurons appeared to be prominent only for a short time period. When neuroepithelial cells of the E11.5 neocortex were labeled with the DiI and distribution of the descendants was analyzed in the same way, migration of DiI-labeled cells was less directional (Fig. 4 E) . Although many cells still migrated ventrally, the migration speed apparently slowed down, and DiIlabeled cells were scattered over the neocortex. These cells displayed more complex morphology than the simple bipolar shape in the telencephalon given the DiI injection at E10.5. Some of the DiI-labeled cells elongated multiple processes and appeared to settle down in the position (Fig. 4 F) .
Expression of lot-antigen in neurons that ventrally migrated from the neocortex
We next examined whether neurons that had migrated from the neocortex to the LOT position actually differentiated into lot cells with expressing lot-antigen. To this end, we had to circumvent two major problems. First, because immunostaining with lot1 requires the continuous presence of detergent, lipophilic dyes such as DiI are diffused in the process of immunostaining and obscure the labeling. Thus, we injected the expression plasmid for GFP into the ventricle of E10.5 mouse embryos and electroporated the plasmid selectively into the ventricular zone of the dorsal neocortex with a pair of electrodes placed in an appropriate direction. When these embryos were cultured as a whole for 2 d, the ventral migration of cells brightly expressing GFP was clearly visualized (Fig. 5A) as by the labeling with DiI. Furthermore, after fixation, the GFP labeling was not affected by the detergent treatment.
The second problem was more serious. Even when E10.5 embryos were cultured for up to a maximum of 48 hr, so that the embryos grew up to E12.5 theoretically, the lot-antigen got expressed only weakly in the embryos. With such a weak fragmental expression of lot-antigen, it was impossible to determine which cell body actually expressed the lot-antigen. We considered that the slight retardation of development in whole embryo culture delayed the expression of lot-antigen, which usually starts from E12.0 -12.5, and performed additional cultures of the piriform cortex explants prepared from the embryos. When the piriform cortex explants including the LOT position were prepared from the GFP-labeled embryos that had been cultured for 2 d as a whole and cultured organotypically on a membrane filter for an additional 2 d, lotantigen got expressed much more strongly, and the cellular morphology of lot cells became visible (Fig. 5C) . A number of GFPlabeled cells horizontally lay within the lot cell array (Fig. 5B) , and some of them indeed expressed lot-antigen (Fig. 5D-F ) . The fragmental nature of localization of lot-antigen still prohibited us from detecting all of the lot cell bodies and thus obscured what proportion of the GFP-labeled cells actually expressed lot-antigen. Nevertheless, there were apparently some GFP-labeled cells that were positioned deeper than the lot cell array, suggesting that some other types of neurons also follow the same migration course as do lot cells.
Abnormal distribution of lot cells in Xt J
mutant telencephalon
Recent studies have identified a number of molecules functioning in brain patterning (Rubenstein and Beachy, 1998) . The zinc-finger type transcription factor Gli3 is one of these regulatory molecules. The Xt J mutant mouse carries a large deletion in the gli3 gene (Schimmang et al., 1992; Hui and Joyner, 1993) and shows various phenotypes, including polydactyly and brain malformations. For example, the olfactory bulbs and LOTs are totally missing in the homozygote, which is thought to be caused by the lack of innervation of the bulb rudiments by olfactory nerves (Johnson, 1967; Naruse et al., 1990; Naruse and Keino, 1993) . The homozygous brains also lack the dorsomedial structures of the telencephalon such as the hippocampal primordium and choroid plexus, and sometimes show exencephaly and hydrocephaly (Franz, 1994; Grove et al., 1998; Theil et al., 1999; Tole et al., 2000) .
The telencephalons of Xt J /Xt J mutant embryos were somewhat 
DISCUSSION
The present study showed that specification of the LOT is achieved through a combination of determinative events. First, generation of lot cells was restricted to neuroepithelial cells in the neocortex. At E10.5, neuroepithelial cells in all areas of the neocortex generated lot cells in culture, whereas the cells in the ganglionic eminence did not. Because a number of genes are differently expressed in the neocortex and ganglionic eminence from early development (Bulfone et al., 1993; Matsunami and Takeichi, 1995; Stoykova et al., 1996) , it is not surprising that neuroepithelial cells in these two compartments are qualitatively different from each other at this stage. Neocortical neuroepithelial cells seem to be intrinsically capable of generating lot cells; a single cell proliferated and gave rise to lot cells without influence from other telencephalon cells.
Although intrinsic determination of cell fate is often related to a lineage-dependent process, the whole lineage was not restricted to the fate of lot cells, because both lot cells and lot-negative neurons were generated from a common progenitor. In this regard, the developmental stage appeared to be one important determinant of lot cell fate. By E11.5, the competence to generate lot cells was almost abolished in neuroepithelial cells, and afterward, neuroepithelial cells exclusively generated lot-negative neurons, the majority of neurons in the telencephalon both in vivo and in vitro.
If lot cell precursors develop from all across the neocortex, the cells have to migrate down to the presumptive LOT position over a relatively long distance. The present study revealed that this type of cell migration actually existed in vivo and suggested that at least some of the migrated cells become lot cells. Firstly, the DiI-labeled cells were accumulated in the presumptive LOT position that is exclusive to lot cells. Although technical limitations prohibited us from showing directly that the migrating cells differentiated into lot cells with expressing lot-antigen, these cells were morphologically identical to lot cells. Second, the cell migration stream toward the presumptive LOT position was remarkable at E10.5 but not at E11.5. This time course is consistent with that of the generation of lot cells in vivo. Third, the results of dissociated cell cultures showed a clear ventral shift of distribution of postmitotic lot cell precursors from E10.5 to E11.5. Thus, after completing the final mitoses, lot cell precursors appeared to change their positions ventrally in vivo. Finally, a fraction of the cells that had migrated from the dorsal neocortex to the LOT position indeed expressed lot-antigen with additional explant culture. These results, together with the previous observation of the first scattered appearance of lot cells on the dorsal side of the LOT position (Sato et al., 1998) , propose the following scheme: differentiation of lot cell precursors in the entire neocortex and subsequent ventral migration followed by their alignment in the future site of the LOT.
In the present study, we found that apart from lot cells, some cells also migrated with the same ventral migration stream. Although the exact fate of these neurons is unknown at present, they may differentiate into neurons in layer II of the piriform cortex, because they occupied a slightly deeper layer than layer I in which lot cells are located. In the adult piriform cortex, horizontally oriented neurons are positioned in layer I, whereas most of the layer II neurons are pyramidal or semilunar (Haberly, 1983) . Thus, if the cells that ventrally migrated from the neocortex differentiate into layer II neurons, they may change the shape and orientation in succeeding development. In any case, the ventral migration seems to be a common pathway for neurons to follow at this stage and definitely deserves further investigation. Neurons in layer III of the piriform cortex are shown to derive from the ganglionic eminence with another migration stream (De Carlos et al., 1996) . Thus, different layers of the piriform cortex appeared to be populated with neurons of different origins and different migration routes.
In the Xt J /Xt J mutant telencephalon, lot cells were abnormally distributed over the entire neocortex. A defect in cell migration appeared to be the main cause of this phenotype. The Gli protein family is a vertebrate homolog of Drosophila cubitus interruptus (ci), which is involved in hedgehog signaling (Hui et al., 1994) . Among three members of Gli family, Gli3 is suggested to be a negative regulator of sonic hedgehog signaling (Masuya et al., 1995; Sasaki et al., 1997) . Although we could not detect expression of Gli3 in lot cells localized in the LOT position (data not shown), Gli3 is strongly expressed in the neocortical ventricular zone (Hui et al., 1994; Grove et al., 1998) , indicating that at least lot cell precursors in the ventricular zone express Gli3. Therefore, we cannot determine whether Gli3 acts cell-autonomously or non-cellautonomously in the migration of lot cell precursors. The possible role for Gli3 as an intracellular signaling molecule may suggest Gli3 autonomy in lot cell precursors. The observation that differentiation into lot cells was impaired in a low-density culture of Xt J /Xt J neocortical cells might favor this hypothesis. Alternatively, mutation of Gli3 may disturb dorsoventral patterning of the brain, which may lead to disruption of positional information for the migration of lot cell precursors. Although the expression pattern of Pax6 suggests that the division of the neocortex and ganglionic eminence develops in the Xt J /Xt J telencephalon, this mutant telencephalon lacks the more dorsomedial structures such as the hippocampal primordium and choroid plexus (Grove et al., 1998; Theil et al., 1999; Tole et al., 2000) . One interesting possibility may be that these dorsomedial structures repel lot cell precursors and direct them into the ventral direction. In either case, further analyses of lot cells in the Xt J /Xt J telencephalon will help us understand the migration process of lot cell precursors.
The present study did not investigate the mechanisms of how neuronal migration terminates in the LOT position. It is highly likely that certain signals trigger the settlement of migrating cells. One interesting candidate for the source of this signal may be the boundary between the neocortex and the ganglionic eminence. In the ventricular zone, this boundary acts as a barrier to restrict cell movement (Fishell et al., 1993) . Moreover, some neurons align along the boundary in culture (Neyt et al., 1997) . Although the boundary is located in the ventricular zone, ventricular cells project long radial fibers outward to the pial surface, forming a prominent fascicle (De Carlos et al., 1996; Misson et al., 1988) . In fact, our preliminary study suggests that ventricular cells in the neocortexganglionic eminence boundary selectively project radial fibers to the LOT position (N. Osumi, N. Tomioka, and T. Hirata, unpublished observations). The next question will be whether these radial fibers exert a barrier-like action on migration of lot cells.
Studies on the regional specification of the telencephalon have generated a number of hypotheses (McConnell, 1992; O'Leary et al., 1992; Rakic, 1995; Fishell, 1997; Levitt et al., 1997) . The present analysis in the telencephalon provides a new scheme of regional specification: early restriction of competence for a regional phenotype in a large area and subsequent migration of the specified cells into a smaller restricted region. Therefore, in this case, tangential migration does not mean dispersion of the regional phenotype, but conversely leads to the establishment of the regional specification. Although we do not know why the specification of LOT needs such a complicated scenario, a combination of determinative events appears to be a common feature in determination of neuronal fate. Neurons have various aspects of identity, e.g., morphological characteristics, neurotransmitter types, connection patterns, etc., and these different aspects are determined by distinct mechanisms (McConnell and Kaznowski, 1991; Mione et al., 1994; Tan et al., 1998) . In this sense, a combination of determinative events could define a more restricted population of neurons, which have truly the same identity. How to integrate these accumulated experimental data and compile a picture of the way that enormous diversities of neurons are achieved in the telencephalon appear to be an important issue for future study.
